With PU probes the sound pressure and acoustic particle velocity can be measured directly. Over recent years, the in situ surface impedance method, making use of such a probe, has proven to be an alternative to Kundt's tube measurements for product development type of work.
INTRODUCTION
The design of acoustic trim packages is an ongoing trade off between reducing noise levels, saving weight and saving costs. Therefore, the accurate acoustic assessment of the properties of trim materials as they are applied in real conditions in a cabin interior is a desirable matter.
The effectiveness of acoustic materials might change during installation in a car, due to inconsistency of the supplied materials, or due to variations in the way the materials are mounted, and should preferably be measured after they are installed. Although Kundt's tube and alpha cabin measurements are widely used in industry, they do not allow the complete and proper characterization of materials as applied in situ.
Some in-situ methods are available, but none of them are suitable for usage inside the small and reverberant environment of a car. Up to now it is only possible to measure materials in a laboratory environment while there is no control of the actual acoustic performance after installation.
The Microflown is an acoustic particle velocity sensor that is invented at the University of Twente in 1994 [1] , [2] . In 1997 the sensor was commercialized. Over years the particle velocity sensor is used to determine the acoustic impedance.
The first application was the measurement of the acoustic impedance of a horn loudspeaker with a PUmethod. In the throat of a horn loudspeaker a pressure microphone (p) and a particle velocity sensor (u) was placed and the impedance was successfully measured [3] . Afterwards, two particle velocity sensors (in stead of microphones) where used in a standard Kundt's tube. This technique showed also that particle velocity sensors could be used to determine the acoustic properties of materials in a Kundt's tube [4] .
At the University of Leuven, Belgium, the PU probe was used to determine the specific acoustic impedance at the surface of an absorbing material [5] .
With this free field method several disadvantages of the Kundt's tube are avoided. Disadvantages of the tube are the upper frequency limit, determined by the tube diameter, the fact that only the normal reflection coefficient can be obtained and that not all materials can be easily put in the tube. Material properties can also change when put in the tube. This effect is seen for materials with a high flow resistivity like (coated) foams. Also the new free field method can be used to measure the impact of the Kundt's tube itself on the acoustic properties of the materials to be tested.
The PU free field method is based upon a PU-probe capturing both sound pressure and acoustic particle velocity data in one spot. With this method the impedance is measured directly in one spot close to the material. Using a well known sound source relatively close to the sensors, it is possible to measure inside a car while having little disturbance of reflections from other panels of the car.
In a fast two step approach measurements are done. First the probe is calibrated against air (100% absorbing). In a second step, a relative measurement is done by pointing the set up to the material to be tested.
This "tubeless" impedance method allows in situ measurements to be taken in real time on both flat and curved surfaces. The spatial resolution of the surface area is in the order of millimeters.
It is no longer necessary to assume local reacting behavior of the trim material because measurements under both normal and oblique angles of sound wave incidence are possible [5] . The method is very fast, when a white noise signal is used in 2 seconds the reflection coefficient for a certain angle of incidence can be obtained, from frequencies as low as 200Hz up to 20kHz.
In situ impedance measurements are used nowadays for simulation purposes of car interiors [6] . Measurements are done in the presence of wind and on moving objects [7] . A high resolution graphical display can be made of the reflection coefficient of subminiature structures [8] . The surface impedance technique is explored in detail at several universities and companies [5] - [20] . The method is believed to contribute to industry standardization and better modeling.
Because impedance measurements are possible inside the car there is a potential to control the material quality during and after production. In this paper the PU-method will be described and will be supported by measurements. The cars were tested on a relative quiet parking lot, without the presence of high levels of background noise or vibration, that could be present inside a factory hall. This will be the subject of future research.
In particular, measurements inside cars will be addressed, indicating the consistency of the method, and showing that several cars of the same type have different behavior.
THEORY
The reflection coefficient R of an acoustic material is defined by the ratio of the reflected sound wave and the incoming one. If sound waves are plane the phase shift between the sound pressure and particle velocity is zero or 180 degrees, depending on the direction of the sound wave. The sound pressure (p) is scalar and the particle velocity (u) is a vector value.
It can be shown that if the plane sound wave in one direction is given by the signal p+uρc, the sound wave in the opposing direction is given by p-uρc [1] . The reflection and absorption coefficient are then given by: 
With ρ the density, c the speed of sound and α is the absorption coefficient. Plane waves are found in a standing wave tube below a cut off frequency f c =c/2d s with d s the inner cross section of the (square) tube. See further e.g. [3] , [4] .
Measurements in the free field are more complex because plane waves are practically impossible to create in a broad frequency range. If a source is relative close to the sample under test, spherical waves may be expected. If a special (monopole) source is chosen, the sound wave is exact spherical, and a model to calculate the reflection coefficient can be used. Several methods are available to calculate the reflection coefficient from the measured impedance [5] , [9] , [21] , [10] , [11] .
Another problem with free field measurements is that a monopole sound source generates a sound pressure field that is proportional to the frequency. In practice that means that it is difficult to generate a sound pressure that is sufficiently higher than the back ground noise below 100Hz.
Most acoustic materials do not absorb at lower frequencies and therefore particle velocity close to the sample is also low. (Close to a fully reflecting plane the particle velocity is practically zero). At lower frequencies both the sound pressure and the particle velocity are low. This causes the proper measurement of the surface impedance to be very difficult at low frequencies.
Apart from the difficult measurement, the models to calculate the reflection coefficient from the measurement become more difficult for lower frequencies [9] .
MEASUREMENT SETUP
The measurement set up consists of a spherical shaped loudspeaker. The radiation impedance of the loudspeaker is studied in [22] . The radiation impedance in front of the loudspeaker is quite similar to a monopole. The loudspeaker is mounted to a grip and mechanically decoupled from the structure that holds the PU probe. The image source model with plane wave reflection coefficient that is reported in [5] and [9] is used here to provide a very simple measurement routine. It is assumed that the spherical reflection after correction equals the planar reflection coefficient. It shows to give almost identical results for higher frequencies (f>200Hz) [9] . 
The impedance in the free field is therefore given by:
With Q the source strength, k the wavenumber, h s the distance from the point source to the sample and h the distance from the impedance probe to the sample. The impedance close to an acoustic sample is given by: 
The ratio of the measurement impedance and the free field impedance is Eq. (7): 
With that the reflection coefficient can be derived Eq. (8):
When the Z measure and Z ff are measured close after each other, all amplifier settings, AD settings, calibration of the microphone and microphone etc. are likely to be unchanged. Also the temperature, and thus the characteristic impedance of air, is assumed to be the same during both measurements. As long as these conditions are met, the values do not have to be known as they will vanish in the ratio Z measure /Z ff . The distance between the probe and source is kept at a constant 23cm. A probe-sample distance of 5mm to 20mm is normally used, which can be determined with e.g. a measuring tape. A wrong estimation of the probe-sample distance mostly affects the result at lower frequencies.
With an under-or overestimation of the probe-sample distance of for instance 2mm, an error of 4% is made at 300Hz, while 1kHz is less than 2% above 1kHz.
MEASUREMENT OF A PLANE WITH R=1
The measurement of a fully reflecting plane is the most difficult scenario for the PU method. This is because the particle velocity level is low close to a fully reflecting plane.
The measurement of a fully reflecting plate shows within what limits the method works in worst case conditions. As can be seen in Figure 3 (upper), the error is relatively small in a frequency range from 200Hz up to 15kHz. Tests show that the ripples in the response are caused by reflections from nearby walls or other objects.
It can be expected that the measurement error will drop considerable if the material becomes less reflective. The fully reflecting plate can therefore be used as estimation for the maximal measurement error. In this example measurement the smoothed reflection coefficient is close to one with an error in the order of 10% in a 200Hz-10kHz bandwidth, for a 18cm source-sample distance ( Figure 3 , red line). 
SIGNAL TO (BACKGROUND) NOISE LEVEL
The signal to noise ratio (S/N) of a measurement is an important figure. If it is too low, the measurement becomes invalid.
As an example the signals of the sound pressure and the particle velocity are measured in the free field and close (4.5mm distance) to a strong reflecting plate and with the source switched off and on. The (1W) loudspeaker was driven maximal with pink noise at 17cm distance. The signals might be better if a swept sine would have been applied. Figure 4 shows the responses. In the left plot the pressure responses are shown. As expected, the pressure response increases about 6dB due to the reflecting plate. Below 100Hz the S/N drops below 10dB in the free field and close to the reflecting plate the S/N is 6dB better. The velocity signal has a much better S/N in the free field. Below 100Hz the S/N drops below 40dB. However, when the probe is positioned very close to the reflecting plate the S/N drops below 15dB.
The influence of the method to high levels of background noise that are present in a production environment will be investigated in future research. The results are expected to be most affected at lower frequencies. Vibrations of the material that is tested can be another source of error.
On the other hand, the directivity of the probe would make the probe less susceptible to background noise. Because only the correlated part of the pressure and velocity is used, the background noise from a direction perpendicular to the measurement direction is reduced. This is because the velocity sensor only measures the contribution from its sensitive direction. Also, the noise from the same direction as the direction of the source from the impedance setup would only add up to the source strength, and would improve signal to noise ratio. Conclusion is that for lower frequencies the S/N of the sound pressure signal becomes low due to the monopole radiation behavior and if the probe is positioned close to a strong reflecting plane the S/N of the particle velocity is low due to the reflection.
PU KUNDT'S TUBE VS. FREE FIELD METHOD
The most common technique to measure the reflection coefficient of acoustic materials is the so-called Kundt's tube. This is a rigidly closed tube that is driven by a loudspeaker on one side. At the other side of the tube a precut sample has to be inserted. The ratio of the forward and reflected sound wave is usually measured with two pressure microphones (standardized according to ASTM E1050 and ISO 10534-2). It is however also possible to do this with two particle velocity sensors, or with a combination of a pressure microphone and a particle velocity sensor [5] . Although the Kundt's tube method is standardized it has several drawbacks. Some of them are listed below.
Tube requires uniform samples
It is obvious that not all materials can be cut to put in a tube. Some materials are simply too small, or the shape makes it impossible to be cut in a manner that makes sense. Also the acoustic sample in a Kundt's tube should have uniform properties.
As example a non uniform sample is measured. It is a steel plate with three quarter lambda resonators, see With these local impedance measurements the effective impedance can be calculated and the reflection and absorption of the entire sample can be obtained. Figure  6 shows the Kundt's tube and the effective impedance of the local measurements give a comparable result.
To avoid deviation due to sample positioning the plate is directly placed at the end of the Kundt's tube. Nevertheless the samples properties change because the sample area is affected in the Kundt's tube. The absorption value of a quarter lambda resonator in a wall is determined by the relation between tube diameter and the area around the tube. The unwanted modification of the sample area because of the Kundt's tube dimensions might explain the difference between the two methods at the peeks.
Due to the reflections of the walls of the Kundt's tube the sample with the three tubes is altered to an infinite plane of tubes; the absorption therefore is higher in a tube measurement than in a free field measurement. In Figure 8 can be seen that the free field result is comparable with the Kundt's tube, when the sample is mounted in the Kundt's tube holder (see Figure 7) , but is very different from the absorption coefficient of the actual larger 60x60cm sample. 
Measurements under an angle
Absorbing materials are usually measured in a Kundt's tube because such measurement setups are relatively easy to use in practice. This method can only be used on locally reacting materials (their properties do not change with measurement angle). The Kundt's method determines the reflection coefficient only in the normal direction. However, most practical acoustic materials are not locally reacting. With the in situ method it is possible to measure these properties as function of angle.
Frequency limitations
The upper frequency of the tube is depending on the diameter and is usually found in the order of several kilohertz. Measurements of lower frequencies are possible when a larger sensor spacing in the tube is chosen (in case of the standard two microphone technique). A PU based Kundt's tube technique does not have lower frequency problem and gives results down to 20-40Hz.
The free field technique has no high frequency problems; measurements up to 10kHz are common. Measurements up to 20kHz are possible if a smaller PUmatch probe is used.
MEASUREMENTS WITH A CONSISTENT SAMPLE IN A CAR
A sample of 15x15cm Foamex 1 with a hard reflecting plate behind it is first measured in the laboratory. To test the influence of different acoustical environments the sample is then placed at several positions in a car with the doors open and closed, Figure 9 . 
HEADLINER AND SEAT MEASUREMENTS
In a measurement campaign the headliners and passenger seats of 25 cars of the same make are investigated to find out if the acoustic properties are similar after assembly. The cars were located on a parking lot, so there was relatively little disturbance from background noise.
The measurements are taken with a mobile setup. The required 152 measurements are taken in only 2 hours of total measuring time (including the walking around between the cars).
Special thanks go out to PON automotive import for allowing us to do these measurements at their facility. Figure 11 : In situ headliner measurements In between the measurements of the 25 cars every time the reference car was measured, roughly at the same measurement location, see Figure 11 . This gives an idea of the reproducibility of the method, see Figure 12 . Here the black line is the mean value of all the measurements of the reference car. The standard deviation of the reflection is lower than 0.07 (between 200Hz and 7kHz).
Headliner measurements
After the reference car, the headliner of a different car is measured. During both the measurement in the reference car and the different cars roughly the same point on the head liner was measured. Those results are shown in Figure 13 . As can be seen, the deviation in the measurements of different cars is larger than the deviation in the reference cars (Std. Dev. 0.1 instead of 0.07), indicating that the damping properties of the materials after assembly are not identical.
It is not very likely that these large deviations are caused by variation of the measurement location, because such deviations are not present in the reference car. Possible the variation between the different cars is caused by differences during installation of the head liners (e.g. different air gaps in the head liner, variation in the consistency of the damping materials, or variation in the adhesion process of the material package). It is not very likely that different material types are used because all cars are produced in the same period. 
Seat measurements
In a similar way the reflection coefficient of the passenger seats next to the driver seat are measured ( Figure 14) . The measurement results are shown in Figure 15 . After each reference measurement ( Figure 15 ) a seat of a different car was measured ( Figure 16 ). The variance of the different cars is much larger than the variance in the reference measurements. The standard deviation of the different cars is larger than 0.2 above 3kHz (even 0.55 at 6kHz), while the deviation is lower than 0.05 for the measurements in the reference car. This is a strong indication that the acoustic properties are very different for different seats, see Figure 16 . 
VARIATIONS OVER PLACE
There is a slight variation in the measurements on the headliner of the reference car. This might be because it is difficult to measure on exactly the same position each time. The spatial variation of the reflection coefficient of the headliner is therefore investigated.
Variations over place of a headliner before mounting
First the variation of the reflection coefficient over space is measured of a typical headliner felt (not the same type as in the 25 cars). As can be seen in Figure 17 , the variance of the reflection coefficient in space is small for the felt measured in the laboratory. 
Variations over place of a mounted Headliner
The measurements in the reference car ( Figure 12 ) were intended to be taken in the same position. Although, as there was no measurement spot marked on the headliner, there are some variations in the position of the measurements, which leads to variations in the reflection coefficient for each measurement. The variation over space of the laboratory sample is much smaller than the spatial variation of the headliner mounted in a car, see Figure 18 . The variation in Figure 18 (different positions, same headliner) is bigger than the variation in Figure 12 (different cars). The reason for this is that points are taken on various positions on the whole headliner, while in Figure 12 every time roughly the same position was measured.
The measurements show that there are spatial variations in the reflection coefficient across the headliner. These variations are caused by changes, suffered by the damping material, whilst being assembled in the car.
It has been shown also, that the reflection coefficient of a single point in the headliner (or seat) is not representative for the whole headliner. In spite of the fact that the reflection coefficient (measured in the lab) of a typical headliner felt shows no spatial variation at all, this "no variation" assumption is not true for the mounted headliner.
Therefore, acoustic measurements inside the car after assembly are recommendable in order to investigate deviation and to have quality control. This data, taken at the end of the manufacturing process, can also be used to feed acoustic models created to calculate the sound field inside the car.
CONCLUSION
A fast, simple, portable, handheld measurement method is demonstrated that is able to measure the acoustic reflection coefficient inside a car interior.
The in-situ PU method can be used for both normal and oblique angles and works in a frequency bandwidth from 200Hz up to 20kHz. The lower limit is caused by the low sound pressure level that the loudspeaker emits at low frequencies. If the reflection coefficient is high, the particle velocity level is also too low below 200Hz. Compared to the widely used Kundt's tube technique it is not affecting the acoustic properties, has no problems with leakage effects and can be used at oblique angles and non uniform samples.
Also it is possible to measure samples after assembly inside the car. This study indicates the acoustic properties are changing between different vehicles of the same type. It's has been also shown that the reflection coefficient is different depending on the position of measurement for on the headliner. The measurement location on the seats in these examples seems to be less critical, but the variation between seats of different vehicles is large. Differences with position do not show up when typical headliner material (felt) is measured before installation. But there are variations at different positions on the headliner material mounted in a car. All these results demonstrate that a final quality control would be even more desirable.
The PU-method shows already good potential to be used as an inspection instrument at the end of a production line. Acoustical properties of materials might change after installation. One of the goals of future studies will be to measure an acoustic material in the laboratory, compare the results with other methods and to measure the same material type again after assembly.
